MicroRNAs (miRNAs) are a class of ,22 nucleotide-long small noncoding RNAs that target mRNAs for translational repression or degradation. miRNAs target mRNAs by base-pairing with the 3 0 -untranslated regions (3 0 -UTRs) of mRNAs. miRNAs are present in various species, from animals to plants. In this review, we summarize the identification, expression, and function of miRNAs in four important farm animal species: cattle, chicken, pig and sheep. In each of these species, hundreds of miRNAs have been identified through homology search, small RNA cloning and next generation sequencing. Real-time RT-PCR and microarray experiments reveal that many miRNAs are expressed in a tissue-specific or spatiotemporal-specific manner in farm animals. Limited functional studies suggest that miRNAs have important roles in muscle development and hypertrophy, adipose tissue growth, oocyte maturation and early embryonic development in farm animals. Increasing evidence suggests that single-nucleotide polymorphisms in miRNA target sites or miRNA gene promoters may contribute to variation in production or health traits in farm animals.
Introduction
MicroRNAs (miRNAs) are a class of small (,22 nucleotides) single-stranded noncoding RNAs that inhibit gene expression post-transcriptionally (Bartel, 2004) . The first miRNA was discovered in Caenorhabditis elegans, and was called lin-4 because it represses the expression of protein-coding gene lin-14 (Lee et al., 1993) . Since then hundreds of miRNAs have been identified in various animal and plant species, and miRNAs have been shown to play roles in many biological processes, including cell proliferation, differentiation, apoptosis and development (Bartel, 2004; Wienholds and Plasterk, 2005) . This review will focus on the identification, expression, function and regulation of miRNAs in major farm animals.
Biogenesis of miRNAs
In animals miRNAs are generated from miRNA genes located in intergenic regions or introns of protein-coding genes (Bartel, 2004) (Figure 1 ). Non-protein-coding miRNA genes are transcribed by RNA polymerase II to generate primary miRNAs (pri-miRNAs). In the nucleus, pri-miRNAs are processed by the RNase III Drosha to form ,70-nucleotide (nt) precursor miRNAs (pre-miRNAs), which are characterized by the stem-loop structure (Lee et al., 2003; Kim, 2005) . Pre-miRNAs are transported from the nucleus to the cytoplasm by the shuttle protein Exportin-5 with the assistance of the G-protein Ran. In the cytoplasm, pre-miRNAs are recognized and cleaved by the RNase III Dicer to form ,22 nt double-stranded RNAs (Hutvagner et al., 2001; Lund et al., 2004) . When the double strands unwind, one strand enters the RNA-induced silencing complex (RISC), and this strand becomes mature miRNA and can exercise its gene silencing function (Khvorova et al., 2003) . Generation of miRNAs from introns of protein-coding genes, termed mirtrons, follows a slightly different procedure. When pri-miRNAs are transcribed from mirtrons, they accurately imitate the structures of pre-miRNAs without involving Drosha (Carthew and Sontheimer, 2009) .
Like mRNAs, miRNA expression is controlled at the transcriptional level by gene-specific transcription factors (Li et al., 2011d; Wang et al., 2011) . miRNA expression can also be regulated by epigenetic mechanisms. Many miRNA -E-mail: zhilianggu88@hotmail.com; hojiang@vt.edu genes contain CpG islands in the promoters, and methylation of these islands represses the transcription of the miRNA genes (Bueno et al., 2008) . miRNA expression can be also induced or inhibited by histone acetylation and/or methylation (Chen et al., 2012b; . Some miRNA genes are regulated by CpG island methylation as well as histone modification . miRNA biogenesis can be also regulated at the post-transcriptional level (Siomi and Siomi, 2010) .
Mechanism of miRNA action
A miRNA regulates the expression of its target mRNA in three manners (Figure 1) , depending on the degree of complementarity between them. An imperfect complementarity leads to translational repression whereas a perfect or nearly perfect complementarity leads to cleavage of the target mRNA. Animal miRNAs are often imperfectly complementary to their target sites; so translational repression is the predominant mechanism by which miRNAs inhibit mRNA expression in animal cells (Lee et al., 1993) . Plant miRNAs in general have perfect or nearly perfect complementarity to their target sites. As such, cleavage of target mRNAs is the major consequence of miRNA-mRNA binding in plants (Guo et al., 2005) . Some animal miRNAs can cause the cleavage of their target mRNAs despite imperfect complementarity between them. This is how miR-196 regulates the expression of homeobox protein HOXB8 in mouse embryos (Yekta et al., 2004) . The third manner by which miRNA regulates mRNA expression involves mRNA deadenylation. When binds to the imperfectly complementary target site of mRNA, miRNA accelerates the poly(A) tail to be deadenylated. This manner seems to be exclusive to animal miRNAs, and this is how zebrafish miR-430 accelerates the degradation of maternal mRNAs (Giraldez et al., 2006) , and mammalian miR-125b and let-7 regulate the expression of their target mRNAs (Wu et al., 2006) . Although the complementarity between a miRNA and its target mRNA does not have to be perfect, nucleotides 2 to 8 from the 5 0 end of the miRNA, also called seed sequence, must be perfectly complementary to the target mRNA (Bartel, 2004) .
miRNA target prediction and validation miRNA target genes can be predicted by computational methods. These methods include miRanda and TargetScan, which are mainly based on sequence complementarity (Enright et al., 2003; Lewis et al., 2005) , and PicTar, DIANAmicroT, RNAhybrid, microInspector, RNA22 and SVMicrO, which use different algorithms . It is difficult Figure 1 Biogenesis and mechanism of action of miRNAs. Primary miRNA (pri-miRNA), precursor miRNA (pre-miRNA), Drosha and Dicer are nuclear and cytoplasmic RNase III, respectively; miRISC, miRNA containing RNA-induced silencing complex. See text for details modified from references (Hutvagner et al., 2001; Khvorova et al., 2003; Lee et al., 2003; Lund et al., 2004; Kim, 2005) and (Lee et al., 1993; Bartel, 2004; Guo et al., 2005; Giraldez et al., 2006; Wu et al., 2006). to rate the accuracy of these programs, but a target predicted by multiple programs has greater potential to be a true miRNA target than a target predicted by one program. miRNA target genes predicted by computational methods need to be validated by experiments. A common experiment to validate miRNA targets involves overexpression or knockdown of the miRNA and subsequent detection of the predicted target mRNAs using qRT-PCR or luciferase reporter assays. miRNA knockdown is usually achieved by antisense oligonucleotides (ASO), which bind to the complementary miRNAs so that the latter can not bind to their target mRNAs. 2 0 -O-methyl antisense oligonucleotides (AMO) and locked nucleic acids (LNA) are two kinds of chemically modified ASO. Compared with AMO, LNA have a higher inhibition efficiency (Naguibneva et al., 2006b) . Another kind of ASO is miRNA sponges. miRNA sponges are RNA sequences transcribed from expression vectors, containing multiple tandem binding sites to miRNAs. miRNA sponges competitively bind to miRNAs, and thereby prevent them from binding to their targets (Ebert et al., 2007; Ebert and Sharp, 2010) . Large-scale miRNA target validation can be achieved through proteomic approaches. For example, using selected reaction monitoring (SRM) and isotope-coded affinity tag quantification, hundreds of potential let-7 target proteins extracted from wild-type and let-7 mutant C. elegans were screened. One hundred and sixty-one proteins can be quantified, and of these, 29 showed significant changes in abundance between wild-type and let-7 mutant. The results of SRM were similar to those of independent experimental downstream analyses such as genetic interaction, as well as polysomal profiling and luciferase assays, indicating that SRM-based validation of miRNA targets is effective and efficient (Jovanovic et al., 2010) .
miRNAs in cattle
Extensive work has been conducted to identify bovine miRNAs, and a total of 755 mature miRNAs processed from 766 pre-miRNAs have been identified in cattle by various labs (Table 1 ; (Kozomara and Griffiths-Jones, 2011)). By cloning small RNAs from bovine embryo, thymus, small intestine and lymph node, Coutinho and colleagues identified 129 bovine miRNAs (Coutinho et al., 2007) . Using a similar approach, Gu et al. identified 59 miRNAs from bovine adipose tissue and mammary gland (Gu et al., 2007) , and Jin et al. discovered 101 bovine miRNAs from 11 bovine tissues (Jin et al., 2009) . Using computational methods, a total of 496 miRNA genes were predicted from bovine genome (Bovine Genome Sequencing and Analysis Consortium, 2009). More recently, deep sequencing was used to detect miRNAs in primary bovine retinal microvascular endothelial cells, resulting in the identification of 255 known bovine miRNAs. Interestingly, there were multiple new members of the miR-2284/2285 family detected, suggesting this family of miRNAs may play important roles in angiogenesis (Guduric-Fuchs et al., 2012) .
Functional studies of bovine miRNAs have concentrated on the roles of miRNAs in adipose, skeletal muscle, oocyte and early embryonic developments (Table 2 ). Jin et al. compared the expression of 89 bovine miRNAs in adipose tissues between three crossbreeds differing in backfat thickness, and found that 42 miRNAs were differentially expressed, of which miR-378 was most differentiated (Jin et al., 2010) . miR-378 has been shown to play a role in lipogenesis in mice (Gerin et al., 2010) . Thus, miR-378 might participate in the control of subcutaneous growth in cattle. Expression of miR-143 is upregulated during differentiation of bovine intramuscular preadipocytes into mature adipocytes. Transfection of miR-143 antisense oligonucleotide represses the differentiation of bovine intramuscular preadipocytes (Li et al., 2011b) . These observations further support a role of miR-143 in intramuscular fat development in cattle. Romao and colleagues reported that adipose tissue expression of 8 miRNAs, including miR-19a, -92a, -92b, -101, -103, -106, -142-5p and -296, was responsive to high-fat diet feeding (Romao et al., 2012) . Thus, these miRNAs might be parts of the gene regulatory network that mediates high-fat diet-induced adipogenesis in cattle.
miR-1 and miR-206 are two muscle-specific miRNAs that play an important role in muscle cell differentiation (Townley-Tilson et al., 2010) . Miretti and colleagues analyzed the expression of miR-1 and miR-206 in skeletal muscle of Piedmontese and Friesian cattle, of which the former are 'double-muscled' because of a point mutation in the myostatin gene (Berry et al., 2002) . Expression of miR-1 was not different between the two breeds or sexes, whereas miR-206 was expressed significantly higher in female Piedmontese than in female Friesian cattle (Miretti et al., 2011) , suggesting that upregulated expression of miR-206 might contribute to muscle hypertrophy in female Piedmontese cattle. miR-181b is known to be involved in myoblast differentiation (Naguibneva et al., 2006a) . In Angus cattle, after acute stress (anesthetization and placement of a rumen catheter), miR-181b was upregulated in the muscle, implying it may play a role in myogenesis in Angus cattle (Zhao et al., 2012a) .
Six miRNAs enriched in oocytes, including miR-205, -150, -122, -96, -146a and -146b-5p, were found to decrease dramatically in expression from 0 to 22 h of maturation (Abd El Naby et al., 2011) . These miRNAs might therefore play a role in bovine oocyte maturation. Expression of miR-106a was greater in bovine oocytes than in cumulus-oocyte complexes (COCs), whereas expression of the miR-106a target gene WEE1 homolog (Schizosaccharomyces pombe) (WEE1A) was less in oocytes compared with COCs (Miles et al., 2012) . These differences suggest that miR-106a might (2010) play a role in bovine oocyte development by downregulating the WEE1A gene. Similarly, miR-196a and miR-181a may regulate bovine oocyte development by targeting the newborn ovary homeobox gene (NOBOX) and the nucleoplasmin 2 (NPM2) gene, respectively, which are essential for folliculogenesis and nuclear and nucleolar organization, respectively (Lingenfelter et al., 2011; Tripurani et al., 2011) . Expression of miR-21 and miR-130a in bovine embryos was increased from the 1-cell to 8-cell stage. These two miRNAs might be involved in early bovine embryonic development (Mondou et al., 2012) .
miRNAs in chickens
The first study of chicken miRNAs was conducted in 2006, which identified 25 miRNAs from chicken embryos and adult chickens through small RNA cloning and sequencing (Xu et al., 2006) . Using the same cloning strategy, Wang et al. identified 47 miRNAs from chicken adipose tissue and skeletal muscle (Wang et al., 2012) . Using deep sequencing, 123 miRNAs were discovered from embryonic chick livers at embryonic days 15 (E15) and E20 , 121 known chicken miRNAs, 449 new chicken miRNAs and 39 mirtrons were identified from E5, E7 and E9 chicken embryos (Glazov et al., 2008) , and 63 and 33 novel chicken miRNAs were identified from chicken preadipocytes and skeletal muscle, respectively (Li et al., 2011c; Yao et al., 2011) . Microarrays were used to profile the expression of chicken miRNAs at different stages of gonadal sex differentiation. The study showed that miR-202*, a sexually dimorphic miRNA, was upregulated in male gonads, and this result was validated by in situ hybridization and Northern blot, indicating a potential role of miR-202* in male gonad development (Bannister et al., 2009 ). miR-363 was identified to be another sexually dimorphic miRNA, whose expression in chicken gonads was different between sexes at E4.5 and E6.5 . Using in situ hybridization, 111 miRNAs were profiled in chicken embryos and 75 of them were differentially expressed during embryonic development, suggesting these miRNAs might play roles in chicken embryonic development (Darnell et al., 2006) . MiR-302 and miR-456 maintain the undifferentiated stage of blastoderm by targeting the sexdetermining region Y box 11 (SOX11). MiR-181a* inhibits the somatic differentiation of primordial germ cells (PGCs) by targeting homeobox A1 and prevents PGCs from entering meiosis by inhibiting the nuclear receptor subfamily 6, group A, member 1 (NR6A1) gene . Also in PGCs the gene controlling DNA methylation DNA (cytosine-5-)-methyltransferase 3 beta (DNMT3B) is regulated by miR-15c, -29b, -383 and -222 (Rengaraj et al., 2011) .
Wang et al. found that 10 miRNAs including miR-1a, -133a and -122 were differentially expressed in chicken adipose tissue or skeletal muscle at different developmental stages, suggesting a potential role of these miRNAs in chicken adipose tissue and skeletal muscle development (Wang et al., 2012) . Li and colleagues further identified the activin receptor 2B (ACVR2B) gene as a miR-1 target in chicken muscle (Li et al., 2011c) .
Several chicken miRNAs were reported to be involved in chondrogenesis. In chicken limb mesenchymal cells, miR-221 inhibits slug degradation by targeting mdm2 to regulate chondrogenic differentiation (Kim et al., 2010) , and miR-142-3p regulates chondrogenesis by directly modulating the disintegrin and metalloprotease 9 (ADAM9) gene (Kim et al., 2011b) . In primary chicken chondrocytes, miR-365 is a mechanically responsive miRNA that stimulates chondrocyte differentiation by targeting histone deacetylase 4 (HDAC4), an inhibitor of chondrocyte hypertrophy (Guan et al., 2011) . miR-34a negatively regulates chondrogenesis by targeting EphA5 and suppressing the migration of chondroblasts (Kim et al., 2011a) or the reorganization of the actin cytoskeleton, which is essential for chondrocyte differentiation (Kim et al., 2012) .
In chicken cone photoreceptors, the expression of miR-26a is diurnally rhythmic; miR-26a regulates the expression of L-type voltage-gated calcium channel a1C subunit (L-VGCCa1C) according to its own diurnal rhythm to allow retinal photoreceptors to exercise rhythmic function (Shi et al., 2009) . As a tumor suppressor, miR-26a targets interleukin-2, and the downregulation of miR-26a contributes to proliferation of lymphoma cells . Interestingly, a few miRNAs identified in avian herpes viruses including Marek's disease virus might also have regulatory functions (immune evasion, anti-apoptosis and proliferation) in chickens (Burnside and Morgan, 2011).
miRNAs in pigs
The first set of porcine miRNAs identified included miR-17, miR-18a, miR-19a, miR-20a, miR-19b and miR-92a, and they all belong to the miR17-92 cluster and were identified based on sequence homology search with known human miRNAs (Sawera et al., 2005) . Using small RNA cloning, SharbatiTehrani et al. identified 11 miRNAs from various pig tissues (Sharbati-Tehrani et al., 2008) . Combining deep sequencing and computational analysis, 777 unique miRNAs were identified from six prenatal and four postnatal pigs, including 30 tissue-specific miRNAs . Using similar approaches, 15 novel pig-specific miRNAs and 56 novel candidate miRNAs were identified from pig testis (Lian et al., 2012) ; 57 miRNAs were identified from pig skeletal muscle (Xie et al., 2010) ; 293 miRNAs were identified from pig adipose tissue (Li et al., 2011a) ; 215 miRNAs were identified from the backfat of Large White and Chinese Meishan pigs (Chen et al., 2012a) ; and 89 miRNAs were identified from pig skeletal muscle and adipose tissue (Cho et al., 2010) .
Expression profiles of porcine miRNAs were mostly analyzed by miRNA microarrays. Using microarrays based on known porcine and human miRNAs, 332 miRNAs, 201 of which were potentially novel porcine miRNAs, were found to be expressed in pig intestine (Sharbati et al., 2010) . Between the sexually immature and mature porcine testes, 129 miRNAs are differentially expressed. In the mature testes, 51 miRNAs are upregulated and 78 are downregulated, suggesting that a large number of miRNAs participate in spermatogenesis . The expression levels of let-7a, let-7d, let-7e and miR-22 were higher whereas that of miR-15b lower in abnormal sperm compared with normal sperm (Curry et al., 2011) ; thus, these miRNAs might be involved in sperm development. MiR-122 is an important regulator of lipid metabolism. The expression level of miR-122 is lower in minipigs fed a high-cholesterol diet than those fed a standard diet, implying a potential role of miR-122 in obesity (Cirera et al., 2010) . Using deep sequencing, Chen et al. found that the expression of miR-215, -135, -224 and -146b is higher, whereas the expression of miR-1a, -133a, -122, -204 and -183 is lower in the Large White pigs than in the Meishan pigs (Chen et al., 2012a) . The Meishan pigs are known to have more fat than the Large White pigs. Differential expression of these miRNAs suggests the potential involvement of these miRNAs in adipose tissue development and growth in pigs.
Functions of porcine miRNAs are beginning to be revealed. MiR-148b potentially targets integrin alpha 5 (ITGA5), which is related to splay leg in piglets. The miR-148b gene has two SNPs, one of which alters a potential miRNA core promoter sequence. This SNP has different frequencies between different breeds of pig, but is not associated with splay leg condition (Maak et al., 2010) . One T/C SNP in miR-27a gene, detected in Large White and Dam line of Chinese lean-type new lines (DIV) pigs, is associated with litter size (Lei et al., 2011) . Between different genotypes, there is a significant difference of litter size in DIV but no significant difference of litter size in Large White pigs, implying the specific role of miR-27a in litter size in DIV pigs (Lei et al., 2011) . In the ovarian granulosa cells, miR-378 downregulates aromatase expression and estradiol production by targeting the 3 0 -UTR of the aromatase mRNA . Thus, miRNA-378 might play a role in ovarian follicular development . Zhao et al. analyzed the expression of Olfactomedinlike 3 (OLFML3) in developmental skeletal muscle and found it was regulated by miR-155 (Zhao et al., 2012b) . MiR-155 was also highly expressed in spleen and was upregulated after lipopolysaccharide and poly (I:C) stimulation, and it positively regulated TLR3/TLR4 signaling pathways. These imply a role of miR-155 in regulating porcine immunity (Li et al., 2013) . -431, -433, -127, -434, -432 and -136 were first sheep miRNAs identified through sequence homology search from the Callipyge sheep, which display the muscle hypertrophy phenotype (Davis et al., 2005) . From the same sheep, 747 miRNAs representing 472 miRNA precursors were identified from the skeletal muscle of callipyge sheep through deep sequencing (Caiment et al., 2010) . Using small RNA cloning, Sheng and colleagues reported the identification of 31 sheep miRNAs (Sheng et al., 2011 (Wenguang et al., 2007) . This raises the possibility that these miRNAs play a role in hair growth in sheep. Torley et al. compared the expression of 128 miRNAs in sheep ovaries and testes at gestational day (GD) 42 and GD75 by real-time qRT-PCR, finding that 24 miRNAs were differentially expressed between ovaries and testes at GD42 while 43 miRNAs at GD75. Using in situ hybridization, Torley et al. revealed that miR-22 was located in Sertoli cells and proposed that this miRNA might play a role in suppressing the estrogen-signaling pathway during fetal testicular development (Torley et al., 2011) . Prenatal testosterone treatment leads to ovarian pathology. In the fetal ovaries from gestational ewes treated with testosterone, miR-497 and miR-15b were upregulated, suggesting that these two miRNAs might have a role in testosterone-induced ovarian pathology (Luense et al., 2011) . Clop et al. found that the myostatin (MSTN) gene of Texel sheep had a G to A mutation in the 3 0 -UTR, and they further found that this mutation created a target site for miR-1 and miR-206, and thereby repressed the expression of MSTN protein and resulted in muscular hypertrophy in Texel sheep (Clop et al., 2006) .
miRNAs in sheep
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Conclusions and perspectives
MicroRNAs are important regulators in biology. Hundreds of miRNAs have been identified in cattle, chickens, pigs and sheep. Many of these miRNAs are found to be expressed in a spatiotemporal-specific manner, which indicates that miRNAs play roles in specific tissue types or at specific developmental stages. Although limited functional studies of farm animal miRNAs have been conducted, these studies indicate that miRNAs play important roles in muscle development and hypertrophy, adipose tissue growth, oocyte maturation and early embryonic development in farm animals. The key to understanding the functions of miRNAs is to identify their mRNA targets. Therefore, future studies of miRNAs in farm animals should focus on the identification of mRNAs targeted by miRNAs and the physiological processes where the mRNA-miRNA interactions take place. Recent genome-wide association studies have shown that complex traits are often strongly associated with noncoding SNPs Greenman et al., 2007; Saxena et al., 2007; Scott et al., 2007; Yeager et al., 2007; Stefansson et al., 2009; Ellinor et al., 2010) . Given the role of miRNAs in gene expression, one possible explanation for such traitnoncoding SNP associations is that the associated SNPs are parts of miRNA binding sites or miRNA sequences. Therefore, another potential direction of future miRNA studies in farm animals is to identify SNPs that overlap with miRNA binding sites or miRNA sequences and are associated with production or health traits in farm animals. Such studies could have immediate implications for selecting farm animals with superior production or health traits and for improving genetics in farm animals. Wang, Gu and Jiang 
